The Spitzer Space Telescope was injected into heliocentric orbit on August 25, 2003 to observe and study astrophysical phenomena in the infrared range of frequencies. The initial 60 days was dedicated to Spitzer's "In-Orbit Checkout (roc)" efforts. During this time high levels of Helium venting were used to cool down the telescope. Attitude control was done using reaction wheels, which in turn were de-saturated using cold gas Nitrogen thrusting. 
I. Introduction
University, and University of Arizona. Spitzer is a space-borne, cryogenically cooled infrared observatory capable of studying objects ranging from our Solar System to the distant reaches of the Universe and is intended The Spitzer Space telescope was launched "warm" and was cooled down during the initial few weeks of the mission to near 5.5 degrees Kelvin and thereafter maintained at steady state low levels of temperature using cryogenic liquid Helium venting. Communication with the ground stations is through the spacecraft high-gain antenna except during the early part ofthe IOC phase when low-gain antennae (LGA-s) were used. The Reaction Control System (RCS) is a cold gas system and uses Nitrogen as the propellant.
Only Doppler data was available to perform orbit determination of the Spitzer Space Telescope. Tracking coverage was very dense (nearly continuous) during the IOC period. Navigation tasks included orbit determination as well as efforts to assess non-gravitational accelerations acting on the observatory, especially that due to any possible imbalance in Helium venting. Tests were planned and executed to assess the above during high venting activity as well as at lower levels. The spacecraft was maintained in different attitudes during tracking in order to achieve observability of venting effects in the three spacecraft axes. This is described in detail later.
Estimation strategy included solving for the spacecraft state, the angular momentum de-saturation (AMD) maneuvers, and stochastic accelerations. The stochastic accelerations that were estimated included any mismodeling of solar radiation pressure, possible venting imbalance, possible RCS thruster leaks, etc. The results indicate that acceleration due to venting in each spacecraft axis is lower than the pre-launch worst-case prediction. The trajectory was propagated forward using converged orbit solution and new data passed through to test the fidelity of the orbit determination process. Orbit determination results indicate that the navigation requirements are also easily satisfied.
II. Observatory Dmcription
The Spitzer observatory consists of a 0.SSmeter telescope, three science instruments and the spacecraft bus ( Figure  3) Spitzer trajectory & operating conatmints During normal operations, the SIC will be able to point the telescope bore-sight anywhere within the viewing constraints depicted in Figure 4 . Staying within the viewing constraints is necessary to generate adequate solar power and to protect the CTA fiom the heating effects of direct solar illumination. Pointing the telescope bore-sight within 80" of the Sun causes direct solar illumination of the telescope barrel, which could permanently damage the instruments. This was changed to 82.5" after the IOC in order to maintain health 8t safety while increasing observational efficiency. Pointing the telescope bore-sight more than 120 degrees from the Sun causes an unacceptable degradation of the solar array performance. The result of these constraints is an annulus-shaped "operational pointing zone" or OPZ that rotates as the Observatory revolves around the Sun. Targets near the ecliptic pole within the "constant viewing zone" or CVZ are always viewable; targets near the ecliptic plane are viewable every six months for a period of at least 40 days. The telescope bore-sight is also allowed to roll *2* about the optic axis (X-axis), otherwise the sunlight sftiking the outer shell could permanently damage its thermal 
W. In-Orbit Checkout Phase
The In Orbit Checkout (IOC) phase spanned the i n i t i a l 60 days. During the fvst week the on-board ephemeris was updated at about L+36hours and then about LMSdays. Further updates were done weekly, thereafter. The momentum dumps during the fmst few days were very hquent due to vigorous boil-off from the HeIium tank. The location and orientation of the thrusters are shown in figure 8. The magnitude and directions of the AVs were available to the Navigation team via Angular Momentum De-saturation Delta-V Data file (OM-NAV-04):
The 10 accuracy in magnitude of ttUs reconstructed AV was expected to be 1.0 mmls.6 The direction had an Table 3 . The net nominal acceleration due to solar radiation pressure ranged from 5.5 to 5.8 x lo-" km/sec2. Uncertainty in the solar pressure model was a key contributor to the orbit determination error. The orientation of Spitzer is continuously changing throughout the observation sessions, which causes the area illuminated by the sun to change, thus making it difficult to predict the orientation and the effective area. The uncertainty in the orientation combined with the error in the reflectivity coefficients was treated as an additional stochastic acceleration. 
I . Navigation Requirements
In the absence of any Science requirement, the Navigation requirements were expressed as antenna pointing, velocity (frequency) predicts and accuracy in one-way light time as shown in Table 4 . The most stringent pointing requirement was based on acquisition by the DSN 70-meter station. Also, the Observatory Engineering Team (OET) needed a One-way light time accuracy of 6 milliseconds with a goal of 2 milliseconds.' Table 4 . Navigation Requirements.
Estimation Strategy
A batch sequential filter was used to perform orbit determination. The converged solution was then u sed to generate the predicted trajectory. The filter treated the venting and solar pressure errors as dynamic stochastic error sources modeled by a Gauss-Markov process. The batch sequential filter assumed a fixed batch size for the solar 8 American Institute of Aeronautics and Astronautics An X-band Doppler data weight of 0.1 mmlsec was assumed for a 60 second count time. In addition, the media errors were also considered. Table 5 summarizes the parameters that were estimated along with the a priori and consider error assumptions. Since venting levels came down to nearly steady state (after a month from launch), the a-priori uncertainty for the non-gravitational acceleration were lowered by an order of magnitude from the earlier levels. Attitude history information acquired from the Spitzer telemetry was used to model its orientation thereby improving the solar pressure effects. Only a minimum number of parameters were solved in order to reduce the possibility o f a liasing into venting e stimates. P arameters included the observatory state and the momentum desaturation maneuvers. The non-gravitational accelerations were estimated stochastically as stated above and were isolated during each test. Only 2-way Doppler data were available.
C. Results
The orbit determination results from the venting verification tests are given below. Plots showing the nongravitational acceleration (Spitzer-fixed coordinates) estimates along with error bars are illustrated in figure 10 . Since most of the error bars are barely visible, Table 6 may be referenced for clarity. As can be seen, the earlier acceleration estimates were higher than in the later steady state areas. This may be attributed to higher venting Table 6 gives the estimates and their associated louncertainties. Constant acceleration estimated using about 30 days of tracking data is given in the last row. The tests 1-4 correspond to the lSt, 2nd, 31d and 5& data points in the plots. The results indicate that the non-gravitational accelerations were well below the pre-launch prediction (worst-case) for the venting imbalance. Acceleration stochastically estimated from the 4' test was consistent with the constant acceleration estimated using 30 days of tracking data. The acceleration along the Y-axis was nearly half that from the pre-launch prediction. Since the Helium venting was expected to be along the +Y & -Y axes, this implied that venting imbalance was nearly zero during steady state low venting period. The other two directions, especially Z-axis might have errors from solar pressure mis-modeling and possible RCS thruster leaks.
How well the determined orbit could propagate was also assessed. This is illustrated in figure 11 . The orbit was predicted for 2 weeks beyond the data cutoff and the new tracking data passed through it. As can be seen at the end of predicted 2 weeks the Doppler residual offset is about 1.7hz, which corresponds to a position offset of about 37km in the line of sight. This is well within the navigation capability of 80km (for the near Earth phase of the mission) predicted by the post-launch update of the Navigation Covariance analy~is.~ Also, this easily meets the 6 milliseconds (1800 km) requirement and even 2 milliseconds (600 km) goal.
However, it is to be noted that navigation covariance analysis has sh own that t he o rbit estimates resulting from using tracking data during low declination (below 5' ) periods and at maximum distances have yielded higher uncertainties. Yet, these uncertainties were still low enough to meet the requirements. 
V. Conclusion
In conclusion, the non-gravitational accelerations were well below the worst-case prehcted levels of acceleration. It was impossible to decoupb effects due to solar pressure & potential RCS thruster leaks from venting. However, since the venting was along the Y-axes and since the Spitzer OPZ restricts SRP acceleration to be mostly along -2 (and somewhat along the X directions) one can assume that Y acceleration to be mostly due to the venting contribution. This being about half of the pre-launch predction gave a "warm-fuzzy" feelhg about the near-zero imbalance in Helium venting. If there had been significant imbalance, it would have manifested as a bias in the non-gravitational acceleration (especially in the Y-direction). This estimated bias could be accounted for in the trajectory propagation as well. The predicted trajectory was well withm the Navigation capability and requirement,
